Hollow Ag/carbon microporous spheres with high 
catalytic activity based on a bio-inspiration 
polydopamine reaction platform? 


Qian Zhang,?? Chen Zhou? and Aisheng Huang” 


Based on a bio-inspiration polydopamine reaction platform, hollow Ag/carbon microporous spheres were 


facilely prepared through a template-assisted method. The hollow Ag/carbon spheres, with a uniform shell 


thickness of 30 nm and a high Ag loading, show high catalytic activity for the reduction of 4-nitrophenol by 


NaBH, to 4-aminophenol. It is found that the 4-nitrophenol (10 mL, 1 x 1073 


M) can be completely 


converted to 4-aminophenol in 2 min by adding 20 mg of hollow Ag/carbon catalysts. The catalytic 


activity of the hollow Ag/carbon microporous spheres is also confirmed by CO oxidation. At 200 °C, 


100% CO conversions can be achieved by using hollow Ag/carbon microporous spheres as catalysts, 


which is promising to replace other noble metal catalysts in metal catalyzed reactions. 


Introduction 


Supported metal nanoparticles are widely used as heteroge- 
neous catalysts in chemical industries.”” The surface of the 
metal nanoparticles is the catalytic site where the reactants can 
be adsorbed and converted to products. Therefore, not only the 
size, shape, and composition of the metal nanoparticles, but 
also the shape, composition, and microstructure of the catalyst 
supports play an important role in determining the overall 
catalytic activity and the product selectivity.** So far, various 
materials including metal oxides,*” silica,” and carbon,” have 
been developed as catalyst supports. Among these catalyst 
supports, hollow carbon nanospheres (HCSs) have drawn 
considerable interest due to their high thermal and chemical 
stability, high surface-to-volume ratio, low density, excellent 
corrosion resistance, and easy chemical processing.” “ Several 
strategies such as chemical vapor deposition,” hydrothermal 
treatment," and template-assisted method!”!” were developed 
for the preparation of hollow carbon nanospheres. Template- 
assisted is the main method used to prepare hollow carbon 
spheres. Generally, a spherical core-shell structure is firstly 
formed through the deposition of carbon precursor on a hard 
template core, followed by carbonization at high temperature 
and then core removal to obtain hollow carbon spheres. It is 
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well known that the carbon precursors have an important effect 
on the preparation and final physical and chemical properties 
of the resulting hollow carbon nanospheres.” Besides a high 
carbon yield, the formation of thin and uniform carbon layer 
has to be considered in the template synthesis of hollow carbon 
nanospheres since a thin and uniform carbon layer is helpful to 
promote the facile and fast diffusion of the chemicals, thus 
resulting in a high catalytic activity of the catalysis.” Therefore, 
it is high desired to develop a simple and powerful method to 
prepare thin and uniform carbon shell on the template core. 
Mussel adhesive protein excreted by marine mussel has 
attracted much attention because of its outstanding adhesion 
ability to almost all substrates.” Inspired by the bioadhesion 
property of mussels, Messersmith and co-workers reported that 
dopamine (DPA) could polymerize to polydopamine (PDA), and 
stick to all kinds of organic and inorganic surfaces.” The PDA has 
emerged as a versatile and powerful platform of secondary reac- 
tion for application in cells adhesion, proteins immobilization 
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Fig. 1 Schematic diagram of the preparation of hollow Ag/carbon 
spheres based on bio-inspiration polydopamine reaction platform. 


nanoparticles stabilization, and membranes preparation.” 


Attributing to its adhesive ability through non-covalent adsorp- 
tion and covalent reaction, PDA is very promising to be used as 
a carbon source to deposit on the template core for the prepa- 
ration of thin and uniform hollow carbon spheres.” Further, the 
PDA is an extremely versatile platform for facile introduction of 
dispersive and adherent metal nanoparticles by electroless 
metallization.” In the present work, we report the preparation of 
hollow Ag/carbon microporous spheres based on the PDA reac- 
tion platform (Fig. 1). The catalytic activity of the hollow Ag/ 
carbon catalysts is evaluated by the reduction of 4-nitrophenol 
and CO oxidation. 


Experimental 
Materials 


Chemicals were used as received: 2,2'-azobis(2-methyl- 
propionamidine)dihydrochloride (97%, Aldrich), methyl 
methacrylate (MMA, 97%, Aldrich), dopamine (98%, Aladdin), 
tris(hydroxymethyl)aminomethane (Tris-HCl, 99%, Aladdin), 
silver nitrate (AR, Aladdin), ethanol (98%, Aladdin), 4-nitro- 
phenol (=99.0%, Aladdin), sodium borohydride (NaBH,, 98%, 


Aladdin), doubly distilled water. 


Preparation of polymethyl methacrylate (PMMA) spheres 


Mono-disperse PMMA spheres were synthesized according to the 
procedure reported elsewhere.” 1500 mL of water and 400 mL of 
MMA were added into a three-neck round-bottom flask which 
was purged with nitrogen. The mixture was heated to 75 °C with 
continued stirring. When the temperature kept constant, 1.5 g 
2,2!-azobis(2-methylpropionamidine)dihydrochloride was added 
as azo initiator to the above mixture, and then the reaction was 
continued for 2 h to produce colloidal PMMA spheres. The 
PMMA spheres were obtained by centrifuging, filtrating and 
drying the colloidal PMMA. Before being used as templates, the 
PMMA crystal pellets were crushed with a metal spatula to form 
a powder. 


DPA modification of PMMA spheres 


Simple immersion of PMMA spheres (0.3 g) in a dilute aqueous 
solution of dopamine (30 mL) in air at a typical pH of marine 
environment (pH = 8.5), with constant agitation for 24 h at 
20 °C. Dopamine can self-polymerize to polydopamine at an 
alkaline environment, resulting in polydopamine layer being 
deposited on the support surface of PMMA spheres.””” And 
then, the PDA-modified PMMA spheres were obtained by fil- 
trating and washing with deionized water, and then drying at 
a low temperature (<50 °C). 


Preparation of hollow Ag/carbon microporous spheres 


Afterwards, the PDA-modified PMMA spheres were treated with 
AgNO; solution (0.1 mol L ') for 24 h at 20 °C. After filtrating 
and washing with ethanol for several times, Ag/PDA-PMMA 
spheres were dried at a low temperature (<50 °C). Finally, 
carbonization was carried out under Ar atmosphere at 900 °C 


for 4 h with a heating rate of 3 °C min" to prepare hollow Ag/ 
carbon microporous spheres. 

For comparison, Ag catalysts were also supported on the 
surface of PDA-modified carbon nanotubes (CNTs) and PDA- 
modified carbon black (CB) prepared with same method 
under same synthesis condition with Ag/carbon. 


Characterization of hollow Ag/carbon microporous spheres 


Field emission scanning electron microscope (FESEM) micro- 
graphs were taken on an S-4800 (Hitachi) with a cold field 
emission gun operating at 4 kV and 10 pA. The chemical 
composition of the Ag/PDA-PMMA spheres and hollow Ag/ 
carbon spheres were characterized by energy-dispersive X-ray 
spectroscopy (EDXS) using the same SEM microscope at 20 kV 
and 20 uA. The surface chemical compositions of the Ag/PDA- 
PMMA spheres and hollow Ag/carbon spheres analyzed by 
X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD, Kratos) 
with Mg Ka lines as an X-ray source. The XRD patterns were 
recorded at 20 °C under ambient conditions with Bruker D8 
ADVANCE X-ray diffractometer with CuKa radiation at 40 kV 
and 40 mA. Textural properties of Ag/PDA-PMMA spheres and 
hollow Ag/carbon spheres, including Brunauer-Emmett-Teller 
(BET)-specific surface areas, and pore volumes were analyzed by 
nitrogen adsorption/desorption isotherm data measured on an 
ASAP 2020M apparatus (at 77.3 K). 


Catalytic activity evaluation of the hollow Ag/carbon 
microporous spheres 


The silver-catalyzed reduction of 4-nitrophenol by NaBH, to 4- 
aminophenol was chosen as a model reaction to evaluate the 
catalytic ability of the as-synthesized hollow Ag/carbon micro- 
porous spheres. 10 mL (1 x 10? mol L ') 4-nitrophenol was 
mixed with freshly prepared aqueous solution of NaBH, (0.1 
mL, 1 x10 'molL '). And then, 20 mg Ag/carbon spheres were 
added with constant magnetic stirring of 300 rpm. UV/Vis 
absorption spectras were recorded to monitor the change in 
the reaction mixture. The conversion of 4-nitrophenol is defined 
as the percentage of 4-nitrophenol concentration that has 
reacted. 


Cinitial = Cfinal 


a(%) = 
| a Cinitial 


x 100% 

Cinitial is the 4-nitrophenol concentration before reduction and 
Canal is the 4-nitrophenol concentration after the addition of the 
hollow Ag/carbon catalyst in 2 min. The 4-nitropheno concen- 
tration was determined by UV/Vis according to the Lambert- 
Beer law. 

The catalytic activity of the hollow Ag/carbon microporous 
spheres was also confirmed by CO oxidation. For comparison, 
the catalytic activity of the Ag/CNTs and Ag/CB was also evalu- 
ated by CO oxidation. The CO oxidation was evaluated on 
a Finesorb 3010 instrument with a fixed-bed U-shaped quartz 
reactor with 3 mm internal diameter.” 20 mg of Ag/carbon 
catalysts were used for each test, and the reaction tempera- 
ture with a heating rate of 2 °C min”! was controlled by using 
a K-type thermocouple which directly contacted with the upper 
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quartz wool near the Ag/carbon powder (Fig. S17). The compo- 
sition of the feed gas included 2% CO and 98% air (as the 
balance gas), and the total feed flow rate was 30 mL min” !. The 
effluent gas was analyzed by using an FGA-4100 which was 
equipped with infrared sensor to detect CO, CO, and Oz. The 
conversion of CO is defined as the percentage of CO feed that 
has reacted: 


COin = COout 


CO(%) = 


x 100% 
COjn is the CO concentration in the inlet gas and CO, ut is the CO 
concentration in the outlet gas. 


Results and discussion 


As shown in Fig. 2a, the as-synthesized PMMA spheres show 
a smooth surface and a uniform size with a diameter of about 
320 nm. After PDA modification, the diameter of the PMMA 
spheres enlarges to about 400 nm, and the surface of PDA- 
PMMA becomes much rougher (Fig. 2b), suggesting that DPA 
can spontaneously self-assemble into PDA and deposit onto the 
surface of PMMA spheres. Furthermore, it can be learned that 
the thickness of the PDA layer is about 40 nm, which is in good 
agreement with the previous report.”* Further, the metal- 
binding ability of catechols presented in the PDA coating is 
expected to deposit adherent and uniform metal nanoparticles 
onto substrates surface by electroless metallization. This is 
demonstrated through the deposition of silver nanoparticles 
onto the surface of PMMA spheres via simple immersion of 
PDA-modified PMMA spheres into silver nitrate solution. As 
shown in Fig. 2c, after reaction with Ag* in AgNO, solution, 
silver nanoparticles are scattered on the PDA-PMMA surface. It 
is observed that Ag nanoparticles with about 10 nm appear as 
brighter spots on the PDA-PMMA surface (the inset in Fig. 2c). 
The formation of Ag nanoparticles on the PDA-PMMA surface is 
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Fig. 2 FESEM images of the PMMA spheres (a), PDA-modified PMMA 
spheres (b), Ag/PDA-PMMA spheres (c), hollow Ag/carbon spheres (d). 
The inset in (c) shows a magnified image of an Ag/PDA-PMMA sphere, 
and the inset in (d) shows a magnified image of a hollow Ag/carbon 
sphere. 


Fig. 3. EDXS of the Ag/PDA-PMMA spheres (a) and hollow Ag/carbon 
spheres (b). 
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Fig. 4 XPS of the Ag/PDA-PMMA spheres (a) and hollow Ag/carbon 
spheres (b). The insets show corresponding narrow scan for Ag 3d 
peaks. 


also confirmed by EDXS (Fig. 3a), XPS (Fig. 4a) and XRD pattern 
(Fig. S2at). The peaks in XRD pattern at 38.1”, 44.2, 64.5, and 
77.5° correspond to the (111), (200), (220), and (311) diffractions 
of metallic Ag.” 


At 900 °C, the PMMA templates are easily removed, resulting 
in the formation of hollow Ag/carbon spheres with diameter of 
about 400 nm (Fig. 2d). The hollow nanostructure is also 
observed by TEM image of the Ag/carbon spheres (Fig. S37), 
showing a clear shell with thickness of about 30 nm, which is 
comparable to the thickness of the PDA layer (about 40 nm). The 
Ag nanoparticles are highly dispersed on the surface of hollow 
carbon spheres (the inset in Fig. 2d). Furthermore, EDXS indi- 
cates the high purity of the carbon and silver composition with 
only a small number of other elements (Fig. 3b). In addition, the 
structure of metallic Ag keeps unchanged after carbonization at 
a high temperature, as confirmed by XPS (Fig. 4b) and XRD 
(Fig. S2b+). Nitrogen adsorption-desorption isotherm of the Ag/ 
carbon spheres shows a typical type-I curve, confirming 
a microporous structure of the hollow Ag/carbon spheres 
(Fig. S44). The BET surface area of the hollow Ag/carbon spheres 
is 242 m? g |, which is much higher than that of Ag/PDA-PMMA 
spheres (4.24 m? g '). Considering the high BET area and 
highly porous structure, the hollow Ag/carbon spheres can be 
used as an excellent catalyst. 

The catalytic ability of the hollow Ag/carbon spheres was 
evaluated with the reduction of 4-nitrophenol by NaBH, to 
4-aminophenol. The reduction reaction can't start in the 
absence of hollow Ag/carbon catalyst. The bright yellow colour 
of the 4-nitrophenol and NaBH, mixture keeps unchanged for at 
least 5 days at 20 °C (Fig. S5at), and a strong and constant 
absorption peak of 4-nitrophenol is observed at 400 nm (Fig. 5). 
However, when hollow Ag/carbon catalyst was added into the 4- 
nitrophenol and NaBH, solution, the solution colour become 
weaker and weaker, and finally become colourless in 2 min 
(Fig. S5b and a video in ESI?), indicating that the 4-nitrophenol 
is completely converted to 4-aminophenol. Correspondingly, 
the absorption at 400 nm quickly decreases and finally disap- 
pears, and a new absorption of 4-aminophenol at 295 nm is 
emerged (Fig. 5). 

Dai and colleagues reported the preparation and catalytic 
ability of Au@carbon yolk-shell nanocomposites.” It was found 
that the Au@carbon yolk-shell nanocomposites showed high 
catalytic ability in the reduction of 4-nitrophenol, and the 
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Fig. 5 UV/Vis spectra of 4-nitrophenol solution before reduction (a) 
and after the addition of the hollow Ag/carbon catalyst in 2 min (b). 


reduction of 4-nitrophenol (3 mL, 1 x 1077 M) into 4-amino- 
phenol was completely finished in 5 min by using 5 mg 
Au@carbon. The high catalytic ability of Au@carbon was 
attributing to a facile diffusion of 4-nitrophenol through the 
porous and ultrathin carbon shell and the large free reaction 
voids inside the carbon sphere. In comparison with the 
Au@carbon yolk-shell nanocomposites, the present hollow Ag/ 
carbon spheres also show high catalytic ability, and only in 
2 min the 4-nitrophenol (10 mL, 1 x 107? M) can be completely 
transformed to 4-aminophenol by adding 20 mg hollow Ag/ 
carbon catalysts. As shown in the inset in Fig. 2d, Ag nano- 
particles can highly disperse on the surface of hollow carbon, 
thus leading to the formation of more silver active sites for 
4-nitrophenol reduction. 

The catalysts stability is a very important factor for catalytic 
reaction. The stability of hollow Ag/carbon was investigated by 
performing the same reduction reaction. After each use, the 
hollow Ag/carbon catalyst was recycled by simple centrifuga- 
tion, washing with distilled water and drying in an oven over- 
night. It can be seen that the hollow Ag/carbon catalyst still 
shows highly active after 6 successive cycles of reactions, with 
near 100% conversion in 2 min (Fig. S61), indicating the high 
stability of the hollow Ag/carbon. 

The catalytic oxidation of CO to CO, using Ag catalyst at low 
temperature has attracted considerable interest due to its 
significance in a wide range of applications.**** The catalytic 
activity of the hollow Ag/carbon catalyst was also confirmed by 
the CO oxidation reaction. Fig. 6 shows the CO conversion as 
a function of the reaction temperature by using Ag nano- 
particles as catalysts which were loaded on the hollow carbon 
spheres, carbon nanotubes (CNTs), and carbon black (CB), 
respectively. It can be seen that both Ag/CNTs and Ag/CB show 
low catalytic activity. No CO conversion is observed when the 
reaction temperature is lower than 100 °C, and the CO conver- 
sion begins to increase after the reaction temperature increases 
to 125 °C. But even the reaction temperature increases to 250 °C, 
the CO conversions for Ag/CNTs and Ag/CB are only 98.9% and 
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Fig. 6 Temperature-dependent CO conversion in the CO oxidation 
over the hollow Ag/carbon catalysts. For comparison, the results on 
the Ag/CNTs and Ag/CB catalysts are also included. 


95.4%, respectively. While for hollow Ag/carbon, the CO 
conversions is about 2% when reaction temperature increases 
to 100 °C, and 100% CO conversions can be achieved at 200 °C, 
indicating the hollow Ag/carbon show a higher catalytic activity 
for CO oxidation than Ag/CNTs and Ag/CB. The characteristic 
temperatures at the conversion of 10%, 50%, 90%, named as 
Tio; Tso and Too, are 146.2 °C, 184.6 °C, 194.8 °C, respectively, 
showing an excellent activity close to the more expensive Au 
catalysts.** Recently, Nagy et al. reported the catalytic perfor- 
mance of SiO, supported Ag nanoparticles for CO oxidation.** It 
was found that the maximum CO conversion at 400 °C was only 
about 90% for Ag/SiO,. It is well known that the catalyst 
supports play an important role to the catalytic activity of the 
catalyst.” Since hollow carbon spheres have high BET area, the 
Ag nanoparticles can be highly dispersed on the surface of 
hollow carbon, thus showing higher catalytic activity for CO 
oxidation. Further work is in progress to evaluate catalytic 
activity of the hollow Ag/carbon for other catalytic reaction. 


Conclusions 


In conclusion, a versatile and facile method was developed to 
synthesize hollow Ag/carbon spheres based on polydopamine 
reaction platform by using PMMA spheres as templates. The 
uniform Ag/carbon spheres with thin shell thickness of about 
30 nm were obtained easily by a simple immersion of the PMMA 
templates in a dopamine aqueous solution, following the 
reaction with Ag”, and finally the carbonization to removal the 
PMMA templates. The hollow Ag/carbon spheres showed high 
catalytic ability in the 4-nitrophenol reduction and CO oxida- 
tion since Ag nanoparticles can be highly dispersed on the 
surface of hollow carbon spheres, which is promising to replace 
other noble metal catalysts in metal catalytic reactions. 
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